Background: In experimental studies viral infections have been shown to induce type 2 inflammation in asthmatics, but whether this is a feature of naturally occurring virus-induced asthma exacerbations is unknown. Thymic stromal lymphopoietin (TSLP) released from the airway epithelium in response to damage, has been suggested as a link between viral infection and type 2 inflammation, but the role of TSLP in asthma exacerbations is unknown. Objective: To assess whether type 2 inflammation, as measured by sputum eosinophils and fractional exhaled nitric oxide (FeNO), is a feature of naturally occurring virus-induced exacerbations of asthma and whether TSLP is associated with this type 2 inflammation. Methods: Patients presenting to hospital with acute asthma were examined during the exacerbation, and after 4 weeks recovery. The assessments included spirometry, FeNO and induced sputum for differential counts and TSLP mRNA levels. Nasal swabs were collected for viral detection. Results: Sputum eosinophils and FeNO were similar between virus-positive (n ¼ 44) and negative patients (n ¼ 44). In virus-positive patients, TSLP expression was lower at exacerbation than follow-up (p ¼ 0.03). High TSLP at exacerbation was associated with lower sputum eosinophils (p ¼ 0.01) and higher FEV1 (p ¼ 0.03). In virus-positive patients, %-predicted FEV1 negatively correlated with both FeNO and sputum eosinophils (p ¼ 0.02 and p ¼ 0.05, respectively). Conclusion: Our findings support that type 2 inflammation is present in patients during virus-induced asthma exacerbations, to the same degree as non-viral exacerbations, and correlate negatively with FEV1. However, in virus-positive patients, high TSLP expression during exacerbation was associated with low sputum eosinophils, suggesting that the effect of TSLP in vivo, in the setting of an asthma exacerbation, might be different than the type 2 inducing effects observed in experimental studies.
Introduction
With an estimated prevalence of nearly 10%, asthma is one of the more frequent chronic diseases in Western countries, and exacerbations are the major cause of morbidity and health care utilization [1] . Respiratory viruses are one of the most common triggers of asthma exacerbations [2] , but the underlying mechanisms are not fully understood.
Overall, around half of asthma patients have prominent type 2 inflammation during stable disease [3] , characterized by IL-5 driven eosinophilia in both sputum and blood and mucus hypersecretion, airway hyperresponsiveness and increased IgE production, driven by IL-4 and IL-13. This Th2-high phenotype has been associated with more severe disease [4, 5] and an increased risk of exacerbations [6] . Whether aggravated type 2 inflammation is a feature of both virus-induced and non-viral exacerbations, is currently unknown and is likely to have implications for the efficacy of emerging biological treatment in reducing the rate and severity of these exacerbations.
Allergen sensitization and exposure is the established cause of increased type 2 inflammation. However, in vitro studies have suggested that respiratory viruses are capable of independently inducing type 2 inflammation, by causing a release of proinflammatory cytokines, including thymic stromal lymphopoietin (TSLP), from the airway epithelium [7, 8] . In this innate immune pathway, TSLP causes release of type 2 cytokines IL-4, IL-5 and IL-13, from T-cells through activation of dendritic cells [9] and by direct action on innate lymphoid cells (ILC) [10] . TSLP is increased in patients with asthma, compared to controls [11] and anti-TSLP antibodies have been shown to reduce airway inflammation in response to an allergen provocation test [12] . Epithelial cells from asthmatics seem to be particular prone to TSLP release following exposure to viral infection in vitro [8] but whether TSLP is induced in asthmatics during viral infection in vivo and stimulates type 2 inflammation is unknown.
Asthma patients, particularly those with type 2 inflammation, experience more severe symptoms when experimentally infected with respiratory viruses [13, 14] and, although controversial, the mechanism is proposed to involve a reduced production of interferons [15e18]. Whether patients with high type 2 inflammation during a real-life viral infection experience more severe exacerbations, is unclear.
The aim of the present study was to test the hypothesis that sputum eosinophilia and increased FeNO are features of naturally occurring virus-induced exacerbations. Secondarily, that the level of sputum eosinophilia and FeNO are associated with the degree of TSLP expression in sputum. Finally we wished to test whether any type 2 inflammation during a virus-induced exacerbation would be associated with more severe exacerbations, measured by FEV1. Exploratory outcomes included rhinovirus subtype and systemic markers of inflammation.
Methods

Study design
The study was a prospective observational study conducted at Bispebjerg University Hospital between July 2013 and September 2015. Patients were recruited both from the hospital Emergency Department, and from the acute asthma clinic within the hospital research unit and were seen within 24 h of contact. Exacerbations were defined as worsening of symptoms surpassing the daily variation that required a change in treatment in line with ERS/ATS recommendations [19] . After 4 weeks, participants were reexamined in the research unit. All patients had a doctor's diagnosis of asthma and had the diagnosis confirmed during the study in line with GINA recommendations [1] . Patients were between 16 and 45 years of age. Pregnant women and patients with pulmonary diseases other than asthma were excluded. Both current and past smokers were included.
The study was approved by the local scientific ethics committee (protocols nr: H-2-2013-046, H-3-2011-121, H-15003691).
Examinations
Fractional expiratory nitric oxide (FeNO) (NioxMinor, Aerocrine, Sweden) was assessed following the recommendations of the ERS and ATS [20] to use the mean of two measurements. Patients completed spirometry (EasyOne, NDD, Switzerland) according to ERS guidelines [21] , using NHANES III for lung function predicted values [22] . Because patients were examined during an exacerbation, they were not asked to withhold beta-2-agonists prior to spirometry, but the time since the last dose of reliever was taken was recorded. Induced sputum was processed as described by Pavord et al. [23] : In brief, after inhalation of 1 mg terbutaline, sputum was induced by inhalation of hypertonic saline in increasing concentrations (3%, 4%, and 5%) for 5 min each (total duration 15 min). Sputum plugs were selected and processed, cytospins were prepared, and a differential cell count of 400 nonsquamous cells was completed. The hospital clinical laboratory completed a full white blood cell differential count and measured high-sensitivity C-reactive protein (hsCRP), total IgE and specific IgE to common allergens (grasses, house dust mite, birch, mugwort, dog, cat, horse, Cladosporium herbarum and Alternaria tenuis). Atopy was defined as the presence of specific IgE (>0.35 IU/ml) to one or more of these allergens. Asthma control was assessed with the 5item Asthma Control Questionnaire (ACQ) [24] .
Detection of respiratory pathogens
Flocked nasal swabs (Copan, Italy) were used to sample turbinate nasal. Samples were assessed for human adenovirus species B-D; human bocavirus; coronaviruses OC43, 229E, HKU1 and NL63; influenza viruses A, B and C; parainfluenzaviruses 1e4; KI and WU polyomaviruses; respiratory syncytial virus types A and B and human metapneumovirus, using a tandem multiplex real-time PCR assay [25, 26] .
A PCR directed at picornavirus sequences in the 5 0 UTR was used to detect RV. The products were identified to species level as RV-A, RV-B or RV-C by sequencing of this 260 bp product and analysed using ClustalX software [27, 28] . The local hospital laboratory at Bispebjerg Hospital completed bacterial cultures on spontaneous expectorates collected during the exacerbation [29] .
Quantification of TSLP mRNA expression
Sputum cell pellets were stored in RNAlater (Ambion, USA) and kept at À80 C until processing. RNeasy Mini kit (Invitrogen, USA) was used to extract mRNA following the manufacturers recommendations. After the RNA extraction, cDNA was synthesised using SSIII reverse transcriptase (Invitrogen, USA) as described by the manufacturer. TSLP was quantified using digital droplet PCR (QX200, Bio-Rad, USA) with TaqMan primers ands probes. GAPDH was used for normalization. For the analyses participants were divided into TSLP high and TSLP low by the median expression.
Statistical analyses
The data was analysed with SPSS version 22.0 (IBM SPSS, USA). Normally distributed data are reported as mean ± standard deviation and analysed using students t-test for continuous variables, and chi-squared test for categorical variables. Log-transformed variables are reported as geometric mean (GM) with 95% CI. For log-transformation of sputum eosinophil percentage, cases with 0% were set to 0.1% prior to transformation. Non-normally distributed data are reported as median (range) and comparisons are made using the Mann-Whitney U-test. Regarding TSLP, we used the median expression to classify patients as either TSLP-high (above the median) or TSLP-low (below the median) at exacerbation.
A multiple linear regression model, stratified by virus detection, was used to examine determinants of FEV1%-predicted at the time of exacerbation. Due to multicollinearity each inflammatory marker was assessed separately with adjustment for predefined covariates: gender, age, smoking, bacterial infection and ICS usage.
For all analyses a p-value of <0.05 was considered significant.
Results
Respiratory viruses and bacteria detected at exacerbation
A total of 88 patients were included in the study, of which 44 (50%) had a detectable respiratory virus at exacerbation. Viruses detected were rhinovirus (77%), human coronavirus (16%), parainfluenza virus (5%) and human metapneumovirus (2%) ( Fig. 1 ). Among patients with a respiratory virus, six had a bacterial coinfection (3 H. influenzae, 1 S. pneumoniae, 1 S. aureus and 1 M. catarrhalis). There were three patients with bacterial infections in the virus-negative group (2 S. pneumoniae and 1 Gemella haemolysans) (p ¼ 0.29). In the comparisons of virus-positive and negative groups, the nine patients with bacterial infections were included. All conclusions remained unchanged when patients with bacterial infections were excluded from the analyses.
Clinical characteristics of virus-positive vs. virus-negative patients
Demographics of patients with, or without, viral infection were similar, as were the level of treatment required at exacerbation (Table 1) . Likewise, lung function and inflammatory markers were largely similar, with the exception of a higher CRP in the viruspositive group (GM 8.4, 95% CI 3.5e11.5, p ¼ 0.02) compared to the virus-negative group (GM 4.9, 95% CI 3.5e7.0). Sputum induction was successful in 67 patients (76%, 31 without virus and 36 with virus). The absolute number of both eosinophils and neutrophils were higher in virus-positive patients, compared to virusnegative patients, but the percentages of each cell type were not different between virus-positive and negative (Table 1) . Consequently, the distribution of patients into established sputum phenotypes [30] was similar between viral and non-viral exacerbations (Fig. 2 ).
In the virus-induced group FeNO was higher at exacerbation (GM 28, 95% CI 22e35, p ¼ 0.001) compared to follow-up (GM 18, 95% CI 14e24), which was also the case in the non-viral group (GM 35, 95% CI 26e49 vs. 23, 95% CI 18e30, respectively, p ¼ 0.001). Sputum eosinophils were not significantly different at follow-up compared to the percentages during exacerbation in either group.
In the period between the initial and the follow-up visit patients were treated following clinical guidelines (GINA). Following admission 75% received an oral course of prednisolone (37.5 mg once daily for 10 days), while the rest were managed by increasing their inhaled steroid. No other treatment was initiated by the study team, but existing treatment with LABA, leukotrienes or any other asthma medication was continued following exacerbation. There were no significant differences in clinical management between the virus-positive and virus-negative group.
TSLP mRNA expression
There was no difference in sputum TSLP mRNA expression between patients with, or without, a viral infection at exacerbation (GM 3.2, 95% CI 1.4e7.1 vs. 3.5, 95% CI 2.0e6.0, respectively, p ¼ 0.84) (Fig. 3) . In all, there were 36 paired measurements of TSLP (exacerbation and follow-up; 19 from virus-positive patients, 17 from virus-negative patients). In virus-positive patients TSLP expression was lower at exacerbation (GM 2.8, 95% CI 1.2e6.8, p ¼ 0.03) compared to follow-up (GM 6.1, 95% CI 2.8e13.4), whereas there was no difference between exacerbation (GM 2.8, 95% CI 1.1e7.0, p ¼ 0.74) and follow-up (GM 2.4, 95% CI 0.9e6.4) in the virus-negative group (Fig. 3) .
In patients without a virus infection, there was no difference in inflammatory phenotype, FEV1 or ACQ between those with high or low TSLP expression (n ¼ 12 and n ¼ 9, respectively) ( Fig. 4) . However, in virus-positive patients, those with high TSLP expression levels (n ¼ 15) had significantly lower sputum eosinophil percentage (GM 0.5, 95% CI 0.2e1.4, p ¼ 0.01 vs. 3.8, 95% CI 1.1e13.8), higher FEV1 (86.2 ± 12.4, p ¼ 0.03 vs. 75.1 ± 14.9), lower ACQ score (2.5 ± 1.2, p ¼ 0.01 vs. 3.7 ± 1.4), higher blood neutrophils (median 4.3 Â 10 9 cells/L (range 2.3e10.2), p ¼ 0.04 vs. 6.0 Â 10 9 cells/L (2.8e13.5)) and a trend for lower FeNO (GM 27 ppb, 95% CI 20e36, p ¼ 0.16 vs. 38 ppb 95% CI 26e56) compared to those with low TSLP expression levels (n ¼ 15) ( Fig. 4 ). There was no difference in ICS usage between the TSLP high and low groups.
Type 2 inflammation and FEV1 at exacerbation
To examine the impact of type 2 inflammation on the clinical severity of exacerbation, the association with sputum eosinophils, FeNO and FEV1 at exacerbation was examined in both the viruspositive and negative group.
The percentage of sputum eosinophils correlated negatively with FEV1 in patients with a virus detected at exacerbation (rho À0.42, p ¼ 0.01) and in patients with non-viral exacerbation (rho À0.60, p < 0.001). When adjusted for gender, age, smoking status, bacterial infection and ICS usage in a multiple linear regression, the associations remained significant (p ¼ 0.05 and p ¼ 0.02, respectively) ( Table 4 ). In univariate analyses FeNO was negatively correlated with FEV1 in the virus-positive group (rho À0.37, p ¼ 0.01) but not significantly associated with FEV1 in virus-negative patients (rho À0.23, p ¼ 0.13). After adjustment for the same potential confounders, the association remained significant in the virus-positive group (p ¼ 0.02), yet not in the virusnegative group (p ¼ 0.98) ( Table 4 ).
As exploratory predictors of FEV1, we also measured blood eosinophils, total IgE and sputum neutrophils. Using the same analysis, both blood eosinophils and total IgE were associated with FEV1 with no difference between virus-positive and negative patients, while sputum neutrophils were not associated with FEV1 in either group (data not shown).
Impact of the type of virus detected
Patients infected with a rhinovirus had lower %-predicted FEV1 at exacerbation (77.2 ± 16.0, p ¼ 0.02) compared to patients with other respiratory viruses (90.8 ± 15.5), and a higher ACQ score (3.4 ± 1.4, p ¼ 0.03 vs. 2.3 ± 1.4, respectively) ( Table 2 ). There were no significant differences in demographics, spirometry or inflammatory markers between patients infected with RV-C (n ¼ 10) compared to patients infected with RV-A (n ¼ 23) (Table 3 ).
Discussion
In this study, type 2 inflammation and TSLP mRNA expression were present in virus-induced exacerbations to a similar extent as in non-viral exacerbations. Furthermore, both sputum eosinophils and FeNO were negatively correlated with FEV1 at exacerbation.
To our knowledge, this is the first report on TSLP mRNA expression during naturally occurring asthma exacerbations. In contrast to our hypothesis, we found that participants with high sputum TSLP had lower sputum eosinophils, lower FeNO and higher %FEV1 at exacerbation than participants with low sputum TSLP suggesting that TSLP does not promote type 2 inflammation in the airways during virus-induced exacerbations of asthma. It is possible that the timing of sample collection and changes in posttranslational modification of the TSLP mRNA could have impacted on the final amount of TSLP protein being produced, although, previous studies have found good concordance between TSLP gene expression and protein concentration [11, 31] . An inhibitory effect of corticosteroids cannot be ruled out, but it would not explain the difference between the virus-positive and virus-negative group.
Although ex vivo studies have proposed that TSLP acts as a mediator of eosinophilia in response to viral infection [32] , this has not been documented in vivo. Our findings suggests that this effect might be more complex in the setting of asthma exacerbations and suggests that other pathways (e.g. IL-33 or other modulators of ILC2s) in the innate immune system are contributing to initiating type 2 inflammation in response to viral infection.
We attempted to measure TSLP protein using a highly sensitive ELISA (Bio-Plex Pro, Bio-Rad on a Luminex platform, lower limit of detection 0.8 pg/ml) but did not detect TSLP in any of the samples. This may have been due to the addition of dithiothreitol (DTT) to the sputum samples as part of the standard method for sputum sample processing, since DTT is known to alter the tertiary structure of a number of proteins, and thereby could have interfered with the ELISA [33] . Unfortunately this could not be determined as no DTT-free samples were available for re-analysis.
Little has been published on the association between inflammatory phenotype and severity of airway obstruction specifically during virus-induced asthma exacerbations. In the present study, both sputum eosinophils and FeNO negatively correlated with FEV1 in virus-positive patients in line with a recent experimental study [14] . To eliminate any seasonal impact on inflammatory markers, patients were recruited during all four seasons, however no Table 3 Characteristics of patients infected with rhinovirus A (RV-A) compared with patients infected with rhinovirus C (RV-C). seasonal differences in inflammatory markers at exacerbation were observed. Sensitization and exposure to allergens in conjunction with viral infection has been shown to increase the risk of admission [34] and biological treatment options targeting type 2 inflammation, have reported reductions in exacerbation rates of 50e80% [35e38]. Yet, whether predominantly virus-induced exacerbations were being prevented, or non-viral exacerbations, is unknown. It is possible that the inflammatory phenotype expressed during stable disease is representative of the response developed at exacerbation, regardless of trigger. A prospective study of asthma patients phenotyped during stable disease and followed until exacerbation is required to investigate this.
RV-
The mechanisms by which increased type 2 inflammation might negatively affect the course of a virus infection in asthmatics are not clear, but recent mechanistic studies have suggested type 2 inflammatory pathways may lead to reduced production of interferon [15e18]. The role of type 2 inflammation in relation to naturally occurring viral infections in asthma patients, has been much less examined. Denlinger and colleagues sampled asthma patients with symptoms of a cold, and found that patients who went on to develop a clinical exacerbation were characterized by higher sputum neutrophils, whereas an association with eosinophils or FeNO was not observed. However, it should be noted that the study was not aimed at describing the severity of the exacerbations, and the potential association with sputum inflammatory phenotype [39] . Wark and colleagues have found that degranulation of both neutrophils and eosinophils was associated with a longer time in hospital for patients admitted with virus-induced acute asthma [40] . In the present study, sputum neutrophil count, though elevated in virus-positive exacerbations compared to non-viral exacerbations, did not correlate with FEV1.
More severe wheezing illness have been reported in children infected with RV-C, compared to RV-A [41] , however, this has not been established in adults [42] . In the present study, RV-C comprised 30% of all rhinovirus infections e a proportion similar to that reported by Wark and colleagues [43] . We found no difference in clinical measurements or sputum inflammatory phenotype between patients with RV-C and RV-A. We did note that patients infected with RV-C had higher blood eosinophils at exacerbation that were not mediated by a difference in ICS dose; however, this should be interpreted with caution as no other type 2 markers were increased.
In conclusion, we have found that type 2 inflammation was present during virus-induced exacerbations to the same extent as non-viral exacerbations, and was associated with a lower FEV1 at exacerbation. Unexpectedly, TSLP expression correlated negatively with sputum eosinophils in virus-induced exacerbations, suggesting that other pathways (including epithelial cytokines such as IL-33) might be responsible for driving innate pathways leading to type 2 inflammation in acute virus induced asthma.
Conflicts of interest
None.
